Sixty rhizobial strains isolated from the root nodules of Acacia senegal and Prosopis chilensis in the Sudan were compared with 37 rhizobia isolated from woody legumes in other regions and with 25 representatives of recognized Rhizobium species by performing a numerical analysis of 115 phenotypic characteristics. Nineteen clusters were formed below the boundary level of 0.725 average distance, which was the level that separated the reference Rhizobium and Bradyrhizobium species. Our results indicated that tree rhizobia are very diverse with respect to their cross-nodulation patterns, as well as their physiological and biochemical properties, since 12 of the clusters formed consisted of tree rhizobia alone. Two distinctive features of tree rhizobia isolated in the Sudan were their high maximum growth temperature and their high salt tolerance.
Leguminous trees are abundant in savannah and arid regions of Australia, Africa, South America, North America, and Southeast Asia, where they grow in barren soils and dry sites that are unsuited for most crops. They provide fodder, firewood, and gums and protect the soil from erosion (26). Most leguminous trees form nodules and fix nitrogen in symbiosis with root nodule bacteria (3, 4, 11, 15, 25, 28, 29).
Early reports indicated that the microorganisms which were able to infect leguminous trees were slow-growing rhizobia and referred to them as Bradyrhizobium cowpea type (1-3, 12). However, later studies revealed that leguminous trees are infected as much by fast-growing rhizobia as by slow-growing rhizobia. Some tree rhizobial strains are host specific, whereas others have a wide host range (8, 10, 16, 31). Many strains even effectively nodulate herbaceous legumes (16, 30). Thus, it is improper to classify all tree strains as cowpea miscellany Bradyrhizobium species. On the basis of a small number of strains, it was suggested that the fast-growing tree strains are related to Rhizobium meliloti and Rhizobium leguminosarum (8,24,31). However, it is obvious that further studies will be necessary to determine the exact taxonomic position of the tropical tree rhizobia within the family Rhizobiaceae.
In this work we used numerical taxonomy to study the diversity of rhizobial strains isolated from the root nodules of Acacia senegal and Prosopis chilensis in the Sudan. We also compared the Sudanese strains with rhizobia which nodulate other woody legumes in different regions and with reference strains belonging to recognized Rhizobium species and to the genus Bradyrhizobium. By choosing appropriate tests, we especially looked for ecologically important physiological and biochemical properties of the isolates from the Sudan in order to select good inoculant strains for application in Sudanese silviculture.
MATERIALS AND METHODS
Bacterial strains. A total of 122 strains were used in this study; 60 strains were isolated from the root nodules of Acacia senegal and Prosopis chilensis in the Sudan, 37 strains were obtained from various leguminous trees growing in the tropical regions of Kenya, Thailand, Malaysia, Singapore, and the United States, and the other 25 strains were representatives of Rhizobium species and Bradyrhizobium cowpea type. The Sudanese isolation sites are described in Table 1 , and all of the strains which we used are listed in Table 2 . The purity of the cultures was verified by repeated streaking of single-colony isolates onto yeast extract-mannito1 (YEM) agar (32). All strains were maintained in YEM broth containing 20% (vol/vol) glycerol at -80°C.
Phenotypic features. The biochemical and physiological tests were done in triplicate. The test cultures were incubated at 28"C, except the cultures used to determine maximum growth temperature (TmaX). Cultures were grown to log phase in YEM agar or broth before inoculation. The results were scored after 4 days for fast growers and after 10 days for slow-growers, unless indicated otherwise. According to Bergey 's Manual of Systematic Bacteriology (20), fastgrowing root nodule bacteria (genus Rhizobium) form visible colonies (diameter, 2 to 4 mm) on YEM agar within 3 to 5 days at 25 to 3WC, whereas the slow-growing bacteria (genus Bradyrhizobium) form small (diameter, less than 1 mm) colonies within 5 to 7 days under the same conditions. Growth on YEM agar. Strains were streaked onto YEM agar plates, and the length of time required for the first visible colony to appear was recorded.
Growth at pH 5.5 and 8.5. The ability to grow in acid and alkaline media was tested by inoculating strains onto YEM agar plates in which the pH was adjusted to 5.5 and 8.5, respectively.
Hydrolysis of urea. The appearance of a red color on Y EM agar plates amended with 2% (wt/vol) urea and 0.012% phenol red indicated that urea was hydrolyzed (24). 
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, and E l Fau (EF) are the five locations in the Sudan from which strains were isolated (Table 1) .
NifTAL, Nitrogen Fixation for Tropical Agricultural Legumes; MIRCEN, Microbiological Resource Center. E, Effective nodules formed; I, ineffective nodules formed; 0, no nodules formed.
Precipitation of calcium glycerophosphate, The formation of a white zone in Hofer medium (17) was recorded as a positive reaction for precipitation of calcium glycerophosphate.
Growth in the presence of 8% KNO,. Strains were tested for their ability to grow in the presence of 8% KNO, in YEM agar (9) .
Reduction of nitrate, Reduction of nitrate to nitrite was tested in liquid medium as described previously (24) .
Production of melanin. Melanin production by the strains was detected by using a modification of the procedure described by Cub0 and coworkers (7) . In the modified method, 100 pg of L-tyrosine per ml instead of 600 pg/ml was added to the medium.
NaCl tolerance. The NaCl tolerance of the strains was tested by growing them in tryptone-yeast extract (TY) agar (5) containing 0, 1, 2, and 3% NaCl. A multipoint inoculator that fit a 96-well microdilution tray was used to spot inoculate strains onto large plates (diameter, 14 cm) (6) .
Intrinsic heavy metal resistance. The resistance of strains to heavy metals was determined on solid TY medium. The stock solutions of metals were filter sterilized and added to sterile TY agar as follows: CuCl, . 2H,O, 100 pg/ml; AlCl, . 6H,O, 500 pg/ml; HgCl,, 5 pglml; CdC1, . 2H,O, 20 pg/ml; ZnCl,, 100 pg/ml; and Pb(CH,COO),, 500 pg/ml. The inoculation method used was the same as that described above for the NaCl tolerance test.
Intrinsic antibiotic resistance. The intrinsic antibiotic resistance test was performed by using TY agar to which one of the following antibiotics (Sigma) was added: streptomycin (3 pg/ml), lincomycin hydrochloride (100 pg/ml), spectinomycin (5 pg/ml), rifamycin (10 pg/ml), neomycin sulfate (10 pglml), trimethoprim (200 pg/ml), novobiocin (5 pg/ml), kanamycin (10 kg/ml), chloramphenicol (15 pg/ml), and erythromycin (30 pg/ml). The antibiotic solutions were filter sterilized and added to the medium after the medium was autoclaved and cooled to approximately 55°C. The inoculation method used was the same as that described above for the NaCl tolerance test.
Utilization of amino acids as sole nitrogen sources. The ability to utilize each of the following 19 amino acids as a sole nitrogen source was tested on Def 8 agar medium (24) from which sodium glutamate was omitted:
, and L-( -)-asparagine. Def 8 medium containing sodium glutamate was used as a positive control, and Def 8 medium without any nitrogen source was used as a negative control. The stock solutions were filter sterilized, and the amino acids were added to Def 8 medium to final concentrations of 10 mM. The inoculation method used was the same as that described above for the NaCl tolerance test.
Utilization of carbon sources. Utilization of various carbon sources was tested on Def 9 agar, which is similar to Def 8 medium but contains 1.0 g of NH,C1 per liter instead of sodium-glutamate as a nitrogen source and no carbon source (24) . Stock solutions were filter sterilized, and the carbon sources were added to Def 9 medium to final concentrations of 0.2%; 0.0025% bromothymol blue was used as a pH indicator. The pH was adjusted to 7.0 to 7.2 by using sterile 1 N NaOH or 1 N HC1 after the carbon source was added. The following 52 carbon sources were tested: caprate, starch, itaconate, glycerol, nicotinate, L-arabinose, aconitate, D-galactose, dulcitol, sodium formate, sodium acetate, amygdalin, arbutin, sorbitol, sodium citrate, meso-inositol, sodium butyrate, inulin, dextrin, raffinose, D-melezitose, L-rhamnose, maltose, lactose, D-fructose, D-mannose, 0-methyl-D-mannoside, a-ketoglutarate, sodium maltose, trehalose, D-( +)-melibiose, sodium lactate, D-ribose, xylose, esculin, amyl-alcohol, polyethylene glycol, anthrone, salicin, cholesterol, ergosterine, vanillin, riboflavin, xylene, (-)-camphor, propanol, menthol, glucuronic acid, adipic acid, choline chloride, 1,2-propylene glycol, and 1 ,2-butylene glycol. Def 9 medium containing mannitol was used as a positive control, while Def 9 medium without any carbon source was used as a negative control. The strains were inoculated by using the method described above for the NaCl tolerance test.
T,,,. T, , , values were determined by using a model MAX-7B temperature gradient incubator (a prototype constructed by s. I. Niemela) (27) . The TY agar in the gradient was inoculated by filtering the inoculum onto a nitrocellulose membrane through a right-angle funnel and transferring the membrane onto the medium. Incubation was for 1 to 2 h at room temperature, followed by 2 to 10 days in the temperature gradient. The temperature range in the gradient was 31 to 44°C.
Cross-nodulation. Each of the strains tested was grown on YEM agar plates and inoculated onto three leguminous tree species (Acacia senegal, Prosopis chilensis, and Leucaena leucocephala K636) and five herbaceous legumes (Macroptilium atropurpureum, Lotus corniculatus, Trifolium pratense cv. Venla, Medicago sativa cv. Iroquois, and Galega orientalis). Trees were grown in plastic pots (diameter, 7 cm; height, 14 cm) containing a mixture of sand and vermiculite in a growth chamber (25) and were watered with a 1:4 dilution of Jensen nitrogen-free solution (32) . The herbs were planted in Jensen agar tubes (diameter, 1.7 cm; height, 15 cm). Nodulation was checked after 8 weeks for the trees and after 4 weeks for the herbs, Each of the treatments was set up in triplicate. Results were recorded as positive (nodules were found) or negative (no nodules were found). The acetylene reduction method was used to evaluate the effectiveness of nodulation (22, 23) . Fig. 1 because this method gave the best separation of the reference strains.
RESULTS
All but 10 rhizobial strains were included in 19 distinctive clusters formed at the boundary level of 0.725 average distance, which was the level that divided the reference strains of R . leguminosarum, R . meliloti, Rhizobium loti, Rhizobium fredii, Rhizobium galegae, and Bradyrhizobium cowpea type into separate clusters (Fig. 1) . The composition of each cluster is shown in Table 2 , which also shows the cross-nodulation patterns of the strains. The physiological and biochemical properties of the clusters are shown in Table 3 .
Cluster 1 consisted of three Sudanese strains, two of which also nodulated Lotus corniculatus. The T,,, values of these strains were high, but otherwise the strains resembled recognized Rhizobium species.
Clusters 2 through 6 represented R . leguminosarum biovar trifolii, R. galegae, R . leguminosarum biovar viciae and R . leguminosarum biovar phaseoli, R. loti, and R . fredii, respectively. One tree strain was included in the R. galegae cluster (cluster 3). Five tree rhizobia, one of which was Sudanese, were clustered together with R. leguminosarum in cluster 4. A characteristic feature of the latter group of tree rhizobia was that they nodulated Leucaena leucocephala in addition to Acacia sp. or Prosopis sp. or both. The tree rhizobia in cluster 7 shared this property with the tree strains in cluster 4.
Clusters 1 through 7 plus strain TTR 40 formed a larger group with properties similar to those generally found for the Rhizobium species which belonged to it, such as low levels of resistance to NaCl and most heavy metals and low T, , , values. This larger group contained only five Sudanese strains. Clusters 8 and 9 together with strains TTR 27, TTR 36, and TTR 19 formed a larger group which was almost entirely composed of Sudanese isolates. Most of the strains in these clusters nodulated only Acacia sp. or Prosopis sp. or both; the single exception was the isolate from Prosopis glandutosa obtained from the United States, which did not nodulate any of the test plants. The T,,, values of all of the isolates were above 38"C, but their levels of salt tolerance were only moderate. A majority of the strains were melanin producers. The range of carbon compounds utilized was fairly narrow.
Cluster 10 included four strains of the cowpea type and eight tree rhizobia isolated from the root nodules of Acacia mangium in Thailand. In our experiments these organisms nodulated Macroptilium atropurpureum, but not the three tree species tested. They showed visible growth after 7 days of incubation at 28°C. Their levels of intrinsic antibiotic resistance were generally high, and the ranges of carbon compounds utilized were narrow. Thus, they displayed features typical of slow growers (Bradyrhizobium sp.). Their T,,, values were below 38"C, and they showed little resistance to NaC1. Cluster 10 plus strain DS(3)e from Prosopis glandulosa (obtained from the United States) formed a group which was not closely related to the fast growers.
Clusters 11 and 12 comprised 22 strains, all but three of which came from the Sudan. These organisms nodulated both Acacia senegal and Prosopis chilensis. Two strains also nodulated Leucaena leucocephala. All of the strains grew at pH 8.5, 19 strains were resistant to 3% NaC1, and 16 strains grew at 41 to 43°C. The levels of heavy metal resistance and intrinsic antibiotic resistance of these strains were higher than the levels for clusters 1 through 9, and the ranges of amino acids and carbon compounds used for growth were broader. Ten strains in cluster 11 produced melanin, but none of the strains in cluster 12 had this feature.
The two strains in cluster 13 nodulated Acacia senegal and Leucaena leucocephala but not Prosopis chilensis. More interestingly, they formed effective nodules on the roots of Lotus corniculatus. Their T,,, values were in the 38 to 40°C range, and they tolerated 2% NaC1. They could also utilize a wide range of carbon compounds.
Clusters 14 and 15 included eight tree rhizobial strains which were from the Sudan, Kenya, and Hawaii. These organisms were very similar to the strains in cluster 16, which were classified as members of R . meliloti. The general features of these clusters were as follows: moderate to high T,,, values and high levels of salt and metal tolerance. Strain TTR 23 even grew at 44°C. The tree rhizobia effectively nodulated Acacia senegal, Prosupis chilensis, and Leucaena leucocephala. Five tree rhizobia also nodulated Medicago sativa.
The five strains in cluster 17 were isolated from different tree species in the Sudan, Singapore, and the United States. They did not nodulate any of the tree species tested, but metabolically they were related to strains in clusters 11 through 16.
The two strains in cluster 18 together with strains E01, GB1, and TTR 33 shared some distinctive features, which placed them in loose association with clusters 11 through 17. These strains came from the Sudan and from Singapore and had diverse nodulation patterns. They precipitated calcium glycerophosphate and reduced nitrate. Their levels of heavy metal resistance and intrinsic antibiotic resistance were remarkably high, they tolerated 3% NaC1, their T,,, values were 41 to 43"C, and they could utilize a wide range of nitrogen and carbon compounds.
All five strains in cluster 19 isolated in the Sudan formed effective nodules on Acacia senegal, Prosopis chilensis, and Leucaena leucocephala, and one strain also nodulated Lotus corniculatus. In our tests these organisms hydrolyzed urea and precipitated calcium glycerophosphate. Four strains reduced nitrate, and three strains grew in the presence of 8% KNO,. Their levels of heavy metal resistance and salt tolerance were remarkably high, but the levels of intrinsic antibiotic resistance were generally lower than those for members of cluster 18. Their T,,, value was 38 to 40°C. The cluster 19 strains shared the ability to utilize a wide range of nitrogen sources with cluster 18 strains, but the spectrum of carbon sources used was different from the spectra of carbon sources used by the members of all other clusters. Together 
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a n is the number of strains tested.
' +, All strains were positive; -, all strains were negative. The numbers are the numbers of positive strains.
with strain MPI 3003 cluster 19 formed a separate unit on the dendrogram.
DISCUSSION
Rhizobia which nodulate leguminous trees are fast or slow growing (10) . The strains isolated from Acacia senegal and Prosopis chilensis in the Sudan were all fast growing. On the other hand, the strains isolated from the root nodules of Acacia mangium growing in Thailand in this study were slow growing (Table 3) . Dommergues et al. (8) summarized recent findings and proposed that nitrogen-fixing trees could be divided into the following three broad groups according to their nodulation patterns with fast-and slow-growing tree rhizobia: group 1, which forms nodules with fast-growing strains; group 2, which forms nodules with both fast-and slow-growing strains; and group 3, which forms nodules with slow-growing strains. Accordingly, we propose that Acacia senegal, Prosopis chilensis, and Leucaena leucocephala belong to group 1, since they were nodulated only by fast-growing tree rhizobia ( (19) . Thus, Prosopis glandulosa belongs to group 2.
In our study, isolates from Acacia senegal, Prosopis chilensis, and Leucaena leucocephala cross-infected each other's host plants (Table 1) . Consequently, these tree species are in the same cross-nodulation group. However, strains isolated from Sesbania punctata, Brownea ariza, Centrosema plumieri, Prosopis glandulosa, Adenanthera pavonia, Albizia falcata, Parkia javanica, Erythrina glauca, and Acacia mangium did not nodulate the three tree species tested. Because of a lack of seeds, the hosts of these strains were not used in the cross-nodulation study. Some fastgrowing tree rhizobia infected Lotus corniculatus (clusters 1, 13, and 19) and Medicago sativa (clusters 14 and 15). All slow growers and the cowpea type strains nodulated Macroptilium atropurpureum. Our results agree with those of previous studies, confirming that the nodulation capabilities of the tree rhizobia are diverse. Some strains have a narrow host range, whereas others have a broad host range (10, 11, 13, 14, 16, 21, 31) . The observation about nodulation of Medicago sativa by tree rhizobial strains is in agreement with similar findings of Trinick (30) and Herrera et al. (16) .
The dendrogram in Fig. 1 shows that there is a high level of diversity among the fast-growing tree rhizobia. Of the 19 clusters formed, 12 were composed of tree rhizobia alone. These clusters showed no relatedness to each other or to the reference strains at the boundary level of 0.725 average distance. In addition, one tree strain was grouped together with R . galegae (cluster 3), and five tree strains were grouped together with R. leguminosarum (cluster 4). The taxonomic method which we used could not separate members of the genus Rhizobium from members of the genus Bradyrhizobium at the generic level. The reasons for this were probably the narrow selection of Bradyrhizobium strains used and the fact that the experiments were designed in such a way that an emphasis was put on the special features of the Sudanese rhizobia.
The diversity of the fast-growing tree rhizobia was not merely a consequence of their different geographical origins or different host plants. The clusters formed by the strains isolated from Acacia senegal and Prosopis chilensis at five different locations in the Sudan were not correlated with the isolation site or host (Table 1) . On the contrary, the Sudanese tree strains were quite evenly distributed among all clusters that harbored tree rhizobia. The clusters formed by the strains isolated from various trees in other regions were not correlated with isolation site or host either. When the Sudanese tree rhizobia are compared with the tree rhizobia from other regions, it is possible to identify differences in cross-nodulation patterns, which presumably reflect the different isolation hosts. In addition, the tree rhizobia from the Sudan showed a greater ability to tolerate salt and heavy metals than the other strains, and their T,,, values were high.
The taxonomic position of leguminous tree rhizobia within the Rhizobiaceae has long been discussed. Although two recent reports have suggested that the fast-growing tree rhizobia resemble R . meliloti and R . leguminosarum (24, 31) , these bacteria are still often referred to as belonging to the cowpea miscellany, simply because they often also nodulate cowpeas (13, 14) . Our results confirmed the differences between the fast growers and the slow growers belonging to the cowpea miscellany. Most of the fast growers were not related to any of the reference Rhizobium species, although a few strains showed some relationship to R . meliloti, R . leguminosarum, and R . galegae. In order to determine the exact taxonomic position of leguminous tree rhizobia, further work on bacterial genomic properties is especially needed. The only group that has been investigated so far is the Leucaena rhizobia. Jarvis (18) found that these rhizobia could be divided into three different DNA homology groups. In this study, Leucaena rhizobia were found in four different clusters. It seems that the fast-growing tree rhizobia stem from a reservoir of taxonomically diverse but ecologically well-adapted strains. The type of symbiotic plasmids which these strains carry determines their host range, which is analogous to the case of the three biovars of R. leguminosarum (33) .
Graham and Parker (12) reported that most Rhizobium species can tolerate up to 2% NaCl in the growth medium. In our study, a large number of fast-growing tree rhizobia from the Sudan were found to grow normally even at NaCl concentrations of 3%. Similar observations were also made by Basak and Goyal (4) with isolates from Acacia species. Another unusual feature about the Sudanese tree rhizobium strains was their abnormally high T,,, values, which ranged from 38 to 44°C. According to the results obtained by Lindstrom and Lehtomaki (24) , the T,,, of R . leguminosarum is 31 to 35"C, the T,,, of R . meliloti is 38 to 41"C, the TmaX of R . loti is 33 to 37"C, the T,,, of R . fredii is 34 to 36"C, and the T,,, of R . galegae is 33 to 37°C. On the basis of these data, the tree rhizobia from the Sudan are more closely related to R . meliloti than to other Rhizobium species. The higher T,,, values and levels of salt tolerance of these strains may play an ecological role under the hot dry conditions found in the Sudan. 
